The free energies of adsorption of the monomer or dimer of the cationic -hairpin antimicrobial peptide protegrin-1 (PG1) in a specific binding orientation on a lipid bilayer are determined using molecular dynamics (MD) simulations and Poisson-Boltzmann calculations. The bilayer is composed of anionic palmitoyl-oleoylphosphatidylglycerol (POPG) and palmitoyl-oleoyl-phosphatidylethanolamine (POPE) with ratio 1:3 (POPG/ POPE). PG1 is believed to kill bacteria by binding on their membranes. There, it forms pores that lyse the bacteria. Herein we focus on the thermodynamics of binding. In particular, we explore the role of counterion release from the lipid bilayer upon adsorption of either the monomeric or the dimeric form of PG1. Twentytwo 4-ns-long MD trajectories of equilibrated systems are generated to determine the free energy profiles for the monomer and dimer as a function of the distance between the peptide(s) and the membrane surface. The MD simulations are conducted at 11 different separations from the membrane for each of the two systems, one with PG1, the second with a PG1 dimer of only a specific orientation of the monomer and dimer without taking into account the change of entropy for the peptide. To calculate the potential of mean force for each peptide/membrane system, a variant of constrained MD and thermodynamic integration is used. We observed that PG1 dimer binds more favorably to the POPG/POPE membrane. A simple method for relating the free energy profile to the PG1-membrane binding constant is employed to predict a free energy of adsorption of -2.4 ( 0.8 kcal/mol. A corresponding PG1-dimer-membrane binding constant is calculated as -3.5 ( 1.1 kcal/mol. Free energy profiles from MD simulation were extensively analyzed and compared with results of Poisson-Boltzmann theory. We find the peptide-membrane attraction to be dominated by the entropy increase due to the release of counterions in a POPG/POPE lipid bilayer.
Introduction
A large number of antimicrobial peptides (AMP) are known to act against bacteria by binding and permeabilizing their membrane, but some of these AMPs are also toxic to human cells. 1, 2 It is thought that the difference in macromolecular composition and charge distribution of prokaryotic and eukaryotic membranes plays a critical role in the selectivity of most antimicrobial peptides. 3 More specifically, an important hypothesis is that the high concentration of negatively charged lipids on the bacterial cytoplasmic membrane plays an important role in the selectivity of an AMP for bacterial cells over eukaryotic cells. 4 How exactly this role is played out is not clear, though. Understanding the mechanism of interaction between AMPs and membranes is therefore an important step in explaining their action.
In this paper, we investigate the interaction of a cationic antimicrobial peptide protegrin-1, (PG1), with a mixed anionic POPG and POPE lipid bilayer. PG1 is a well-studied antimicrobial peptide. [5] [6] [7] [8] [9] [10] [11] [12] It is an 18-residue cationic -hairpin peptide (RGGRL CYCRR RFCVC VGR-NH 2 ) with two disulfide cross-links and is highly enriched with basic amino acids (six positively charged arginines).
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PG1 is known to form stable dimers in a parallel -sheet arrangement. 13 Four or five of those dimers can then form an octameric or decameric protegrin pore in lipid bilayers, which, in turn, facilitates the transport of water, ions, and electrolytes in and out of the cell. 13 PG1 is admitted to form higher aggregates at the interface and inside the core of lipid bilayers. 13, 14, 8 These aggregates disrupt the structural integrity of the membrane and form pores that permeabilize the bacteria. What is not known is how exactly PG1 recognizes and adsorbs to membranes of bacteria before it forms the pores that kill the microbes. Understanding the molecular details of how PG1 first adsorbs onto membranes provides insight into the first steps that confer PG1 with antimicrobial character.
Herein, we use atomistic simulations to determine how a PG1 monomer and a PG1 dimer adsorb onto a mixed anionic POPG and POPE lipid bilayer with ratio 1:3 (POPG/POPE). Such a lipid bilayer mimics the bacterial inner membrane. We use a variant of constrained molecular dynamics (MD) and of the thermodynamic integration method to determine the potential of mean force (PMF) and calculate the equilibrium binding constant and related adsorption free energy.
Section II contains computational details, the MD protocol used for the PG1 and PG1 dimer simulation, and the algorithm to calculate the PMFs for the peptide-membrane systems. Although the configuration of the peptide does not change considerably during the course of the molecular simulation (because of the two cysteine-cysteine bonds that keep the structure fairly inflexible), the rotational degrees of freedom may not be insignificant. On the other hand, results from previous work 15 indicate that the loss of rotational entropy upon binding does not contribute as significantly as ion release. We decided then to study only one orientational configuration because of the considerable computational cost.
In the Results section, we examine the effect of the peptide proximity on the number of Na + counterions in our model membrane. Counterion release upon binding of PG1 and PG1 dimer results in substantial entropy increase in the system and plays a key role in the mechanism of peptide membrane adsorption. To analyze further the nature of peptide-membrane interactions and to determine the contribution of the counterion release to the PG1 peptide adsorption, we decompose the adsorption free energy profile into enthalpic and entropic components. The importance of counterion release has been discussed before 16, 17 and studied for the interaction of lactoffericin AMP with a POPG membrane. 15 We also numerically solve the PB equation to describe the electrostatic interactions in the system. We employ this theory to further examine the electrostatic entropic and enthalpic contributions to the free energy from the double layer between the peptides and membrane. Finally, we compare the MD results for the PMF with results obtained from the PB theory.
Methods
Microscopic Models for PG1 Peptide, PG1 Dimer, and POPG/POPE Membrane. The system was simulated with one PG1 peptide above a well-mixed membrane of 128 lipids (i.e., 64 lipids in each leaflet) containing 96 POPE lipids, 32 POPG lipids. The system is solvated with nearly 8900 TIP3P water molecules, 31 chlorine ions, and 56 sodium ions. Chlorine and sodium ions are added to create a 0.15 M physiological salt solution and to neutralize the charge of the peptide and POPG head groups. The monomer solution structure of the -hairpin PG1 12 is obtained from the protein data bank (PDB code 1PG1). The initial PG1 peptide orientation has the peptide backbone parallel to the membrane along the y axis and residues Cys6, Cys8, and Cys15 lying in the x-y plane.
For the PG1 dimer, we simulate the same solvated lipid bilayer system of 128 lipids, but with 38 chlorine ions, and 56 sodium ions because we have to neutralize two identical PG1 peptides ( Figure 1 ). The coordinates of the membrane-bound dimer NMR structure in an NCCN (N and C stand for the peptide's N and C termini, respectively) packing mode 13 are downloaded from the protein data bank (PDB code 1ZY6). Both peptides in the dimer are oriented parallel to the membrane so that one of the PG1 peptide backbones is parallel to the membrane along y, and residues Cys6, Cys8, and Cys15 reside in the x-y plane (Figure 1) .
Herein, we restrict our attention to the parallel NCCN packing organization for the PG1 dimer, based on the NMR coordinates in a POPC bilayer. It will certainly be interesting to investigate other dimeric packing organizations for PG1. Experimentally, different dimeric structures have been observed, depending on the environment: antiparallel in micelle environments and parallel in POPC bilayers. 13, 18 We are currently investigating these different dimeric structures. Preliminary results of simulations involving a mixed POPE/POPG membrane indicate a different binding affinity for the peptide in the parallel structure versus the antiparallel organization on the membrane surface and in the transmembrane region. The present study is a useful starting point for additional simulations of thermodynamic properties for parallel and antiparallel dimer structures of the peptide. These additional studies will give additional insight into the mechanisms leading to peptide-induced membrane disruption and membrane-peptide selectivity.
A set of 11 simulations for different distances for PG1 with respect to the membrane and a set of 11 simulations for different distances for the PG1 dimer to the membrane are carried out. All systems were constructed in a rectangular cell with the z-axis perpendicular to the membrane using the program CHARMM 19 and CHARMM-GUI Solvent Modeler. 20 The CHARMM-27 force field 21 with CMAP corrections 22 is employed. All structures of the -hairpin PG1 were generated with two disulfide bonds, amidated C-terminus, and six positively charged arginines (ARG), reflecting the typical protonation states at neutral pH in water. The monomer and dimer of the PG1 are positioned at a fixed distance from the membrane surface and at a fixed orientation. After 5000 steps of energy minimization, the 22 systems are equilibrated for 8 ns in the NPT ensemble using the NAMD software package 23 employing the Nose-HooverLangevin pressure controller. 24, 25 The pressure is set to 1 atm with a piston period set to 200 fs and piston decay of 100 fs. The system is heated to 310 K, which is above the gel-liquid crystal experimental phase transition of the mixed membrane in increments of 30 K, minimizing for 5000 steps at each temperature. The phase transition temperature of the POPG/ POPE (1:3) membrane is ∼291 K. 26 The water molecules are simulated using the TIP3P water model. 27 The van der Waals interactions are smoothly switched off over a distance of 4 Å, between 8 and 12 Å. The electrostatic interactions are simulated using the particle mesh Ewald summation with a grid of approximately 1 point per 1 Å apart in each direction with no truncation. 28 During equilibration, the area per lipid remained constant to the mixed (1:3) POPG/POPE system average value, 63.1 ( 1.5 Å 2 , indicating all of our simulation boxes with periodic boundary conditions are stable. The average dimensions of the equilibrated simulation box are 63.57 × 63.57 × 100.89 Å. Finally, for data collection, all of our 24 systems are simulated for 4 ns in the NVT ensemble with a time step of 2 fs.
Construction of PMF for PG1 Monomer and PG1 Dimer in a Specific Binding Orientation Interacting with a Lipid
Bilayer. We use a simple methodology for the calculation of the positional PMF, W(z), and the binding free energy for peptide adsorption on a lipid membrane. In refs 29 and 15, the positional, PMF, W(z), was evaluated from the orientational PMF, W(z, Ω), where Ω is the vector of rotational degrees of freedom. It was found that the orientational PMF has no strong dependence on the rotation around space-fixed axes y with the origin at the peptide center of mass. Moreover, the PMF exhibited a minimum energy when the peptide backbone is parallel to the membrane. On the other hand, the PMF exhibited a maximum energy for the peptide orientation in which the peptide backbone is perpendicular to the lipid bilayer. Therefore, herein, we restrict ourselves to only one orientational mode, in which the peptide backbone remains parallel to the membrane, and we did not take into account positive contribution (which could be different between monomer and dimer) due to entropy loss upon the peptide binding.
The positional PMF, W(z), has been evaluated for a set of 11 simulations for different distances, D, between the PG1 monomer or PG1 dimer surfaces and the membrane surface. Distance D is introduced as the reaction coordinate and is related to distance z by D ) z -a, where a is an "effective" size of the peptide. This effective peptide size is used in the solution of the Poisson-Boltzmann equation. We use D in both the PB solution and the MD simulations so that we can compare the results from both methods. In MD simulations, the peptides surface minus membrane surface separation, D, ranges from 0 to 20 Å in increments of 2 Å (Figure 2 ). The simulation procedure is broken down into several stages:
(i) To create 11 simulation boxes for 11 different positions for a given orientation, the PG1 monomer (dimer) peptide is first separated from the membrane to a distance of D, and harmonic restraint forces are applied to all the peptide backbone atoms. The membrane center of mass is harmonically restrained with a spring with a force constant of 20 (kcal/mol)/Å 2 . The system is equilibrated over 4 ns in the NPT ensemble.
(ii) After creating the 11 initial equilibrated systems, each of them is used for data collection during another 4 ns in the NVT ensemble. The (1:3) POPG/POPE membrane center of mass and the PG1 monomer (dimer) are harmonically restrained. To restrain the peptides and their orientation, we use harmonic springs coupled to the three carbon CB backbone atoms of Arg1, Arg10, and Cys15. In the case of the PG1 dimer, we also apply three harmonic springs coupled to the two carbon CB backbone atoms of Arg1 and Arg10 of one of the two PG1 peptides and one harmonic spring coupled to the carbon CB backbone atom of Cys15 of the other PG1 peptide. All spring constants are 20 (kcal/mol)/Å 2 . (iii) The instantaneous restraint forces are computed during 4 ns trajectories for each of the 11 system configurations for single PG1 and for each of the 11 system configurations for PG1 dimer with sampling interval of 0.2 ps and averaged to obtain the mean force F j (D) ) -F j res (D) for each mean position. The PMF, W(D), is calculated using eq 1, presented in the following section.
Calculation of Potential of Mean Force from MD Simulations. To find the PMF, W(D), from the simulation, we apply the force method that was developed for the PMF calculation of a peptide in the vicinity of a neutral POPC membrane 29 and charged POPG membrane; 15 it is a variant of constrained MD and thermodynamic integration. [30] [31] [32] [33] [34] [35] More specifically, we use the relation F j (D) ) -∂W(D)/∂D, where F j (D) is the mean force (which is in the z -direction by symmetry) on the peptide for fixed D. In our studies, both the PG1 peptide or PG1 dimer and the membrane are restrained in space, and the forces exerted on peptides and membrane harmonic restraint springs F j res (D′) are monitored and averaged. Therefore, we can obtain W(D) as with F j (D′) ) -F j res (D′). The integration over the D coordinate is performed using the trapezoidal rule.
For the calculation of the equilibrium binding constant, K ) F B /F F , and related adsorption free energy, ∆G 0 , we use The thickness of the lipid headgroup region is 2b ≈ 8 Å. The peptide PG1 can be represented by spheres with "effective" radius a ≈ 8.9 Å. The P-P distance, d ≈ 36 Å, is the mean distance between the headgroup phosphorus atoms in the two membrane leaflets. For the PB analysis, a simplify plane-plane geometry, representing two oppositely charged planar surfaces with charge densities σ + and σ -, separated by distance D with counterions between them is used. z* is the running coordinate between the two surfaces for the reduced electrical potential φ(z*) and will be explained below in the text. The origin z ) 0 (z* ) 0), is chosen at the membrane surface (average position of the upper leaflet phosphorus atoms). The lipid phosphorus atoms are shown as gold spheres. The peptide residues Arg and Cys (i.e., 6 Arg (in blue) and 4 Cys (in yellow)) are also indicated.
The entropic and enthalpic contributions from MD simulation can be determined in a finite difference approximation that is based on a simulation temperature differences for the PMF of
W(D, T), W(D, T + ∆T), and W(D, T -∆T).
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Calculation of Potential of Mean Force from PB Calculations.
We also analyze our system with the help of PoissonBoltzmann theory. In a manner similar to the analysis of the MD results, we compute the electrostatic PMF, W PB (z), and the enthalpic and entropic contributions to the computed free energy. A simplified geometry is implemented for the PB calculations. A schematic drawing of this binding-site geometry for the peptide (shown as a -hairpin) and flexible membrane in water with Na + and Cl -ions is illustrated in Figure 2 . We consider a dilute solution of N identical peptides in a solution of Na + and Cl -ions at temperature T and volume V = AL. The coordinate z is the normal coordinate of the center of mass of a peptide, with z ) 0 chosen as the average position of the upper leaflet phosphorus atoms of the membrane lipids. Peptides are considered to be bound (B) if z < l and free (F) if z > l where the choice of l is discussed in the Results section.
The membrane is then modeled as a uniformly negatively charged plane, and the peptide is considered as a positively charged sphere and, in an even more simplified model, as a positively charged plane. For our geometry, it will be useful to introduce the distance D as a reaction coordinate. This, as discussed previously, is the separation between the membrane surface and the "peptide" surface. Distance D is related to distance z by D ) z -a, where a is an "effective" radius of the peptide. In addition, we introduce the minimum separation surface-surface distance, D 0 , which is the closest distance the peptide reaches during its binding to the membrane. In our study, we restrict ourselves to surface (or adsorption) interactions. In other words, we investigate the behavior of PMFs for D g D 0 .
The densities of bound and free peptide are F B ) N B /V B and F F ) N F /V F , respectively, where
The choice of specific values for a and l are discussed in the Results section.
The cationic PG1 peptide or PG dimer and anionic membrane system can be represented by a simplified system that consists of two oppositely charged parallel planes, separated by a distance, D (see Figure 2) . The two surfaces bear two different fixed surface charge densities (σ + > 0 and σ -< 0, respectively) in an aqueous solution with a uniform dielectric constant ε and with ions treated as continuous charge distributions. The PB equation can be used to describe the electrostatic interactions in this system. We assume that the electrolyte between the surfaces is in thermodynamic equilibrium with a solution bulk, and the mean electric potential in the spaces between the two charged planes satisfies a nonlinear one-dimensional PB equation, 36 where z* is the running coordinate, with z* ) 0 chosen at the negatively charged plane; φ(z*) ≡ eψ(z*)/k B T is the dimensionless electrostatic potential; ψ(z*) is the actual potential; e is the proton charge; φ′(z*) ≡ dφ(z*)/dz*, and (in esu) κ ) (D DH ) D) ) and that of the reservoir (P out ). 36 This pressure can be represented as the sum of an osmotic pressure that includes the entropic contribution of the ions and the Maxwell electrostatic pressure. 6, 37 We can now express the electrostatic free energy change, W pb (D), per area, A P , as a reversible work of the mean force F j (D) ) ∆P(D)A P . This is expressed as the integral over the pressure,
where D′ is the separation between the two planes. The arbitrary surface area, A P , is the area of an "effective" peptide surface opened to the membrane surface. This is the area of a planar surface roughly equivalent to the "effective" peptide surface, calculated as A P ) πa 2 . In particular, for our single PG1 peptide, we have A P s ) 249 Å 2 , and for PG1 dimer, we have A P d ) 388 Å 2 . If we take into account that the average area per one charged lipid is 256 Å 2 , we have for our membrane-single PG1 peptide system σ -) - ( (11) section, the numerical solution converges to the solution generated from the molecular simulations, within the accuracy limits of the two methods.
∆S(D)
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Results
Counterion Release from POPG/POPE Membrane. Here, we investigate the effect of proximity between the monomer or dimer of PG1 and lipid bilayers on the release of Na + counterions from the membrane. These ions are initially involved in Na + -lipid and lipid-Na + -lipid complexes, known as "ion bonds" and "salt bridges", respectively. 39, 40, 15 These bridges stabilize the mixed (1:3) POPG/POPE membrane by reducing charged lipid repulsion. It was found for a POPG membrane 15 that solvent-separated ion-lipid pair states (SSSP), where a water molecule is shared between two ions, are more stable than the contact solute pairs (CSP). By analogy, we determine the existence of an "ion bond" when any lipid headgroup oxygen is found within 3.5 Å of a Na + ion (the CSP state) or within 6.0 Å of Na + (the SSSP state). When the distance D between the PG1 peptide and the phosphate plane is considered to be large enough to neglect any influence of the peptide on the membrane (D > 18 Å), we find, on average, that 84% ((10%) of the 32 Na + counterions are involved in "ion bond" and "salt bridge" formation with 54% (of 32 ions) in the SSSP states and only 30% (of 32 ions) in the CSP states. This is illustrated in (Figure 3 ). The percentage of the counterions "binding" to only one lipid, forming ion bonds, is 33%. On the other hand, the percentages of the counterions "binding" to two or three lipids, forming "salt bridges", are 31%, and 20%, respectively.
For POPG lipids, there are four types of relevant oxygens: (1) OH oxygens, (2) phosphate oxygens, (3) ester oxygens, and (4) carbonyl oxygens. We find that almost all ions of the CSP state (more than 80%) form "ion bonds" with the phosphate oxygen type. On the other hand, the distribution of SSSP "ion bonds" is approximately uniform among all oxygen types. The release of Na + ions from "bound" states with lipids upon peptide-membrane binding, is illustrated in Figure 4 . The total number of CSP and SSSP bound counterions, 〈N B 〉, near the upper leaflet of the mixed (1:3) POPG/POPE membrane has been averaged over 4 ns of MD simulations. PG1 displaces 4.1 ( 1.5 Na + ions when it adsorbs onto the lipid bilayer. On the other hand, the PG1 dimer displaces an average 7.2 ( 1.5 Na + ions when it binds onto the membrane. It is notable that most of the released Na + ions belong to the SSSP state. Binding Affinity of PG1 or PG1 Dimer to Mixed (1:3) POPG/POPE Membrane. Figure 5 shows the PMF values for the PG1 and PG1 dimer in close proximity to the mixed (1:3) POPG/POPE membrane, as calculated with MD simulation. We find that the PMF minimum is approximately -3.1 kcal/mol for the PG1-membrane complex at a separation distance of D ) 3 Å. The minimum is -4.2 kcal/mol deep for the PG1-dimer-membrane at D ) 4 Å. Thus, the PG1-dimer forms a relatively stronger complex with the mixed POPG/POPE membrane, as compared to a single PG1 peptide.
Here, we can clarify the choice of binding geometry parameters for the system, D 0 , a, and l. Again, we choose them so that MD and PB results are comparable. The latter are discussed in the next subsection. Analysis of the dimensions of the components of the system shows that the peptide PG1 can be represented by a spherical macroion with effective radius a ≈ 8.9 Å and a PG1 dimer with effective radius a ≈ 11.1 Å. These are the numbers we use in both PB and MD calculations. Distribution of the average number of Na + counterions involved in the formation of Na + -lipid complexes, known as "ion bonds" in the (1:3) mixed POPG/POPE membrane, averaged over a 4 ns simulation without peptide. SSSP state is the solvent-separated solute pair state, in which a water molecule is shared between a counterion and any lipid headgroup oxygen, and CSP is the contact solute pairs state. For our system, we define the existence of an "ion bond" as when any lipid headgroup oxygen is found within 3.5 Å of a Na + ion (the CSP state) or within 6.0 Å of Na + (the SSSP state). The minimum separation distance between the membrane surface and the peptide surface is chosen as D 0 ) 0. When analyzing the restraint forces, F res (z), we find that F j (z) ≈ 0 for D > 18 Å, for both the PG1 and the PG1 dimer. Therefore, the peptide is considered to be bound within l ) D + a ) 26.9 Å, and the PG1 dimer within l ) 29.1 Å. We set the "zero" value for PMF at D ) 20 Å. We think this is a reasonable choice because we find from MD simulations that the absolute value of mean forces, F j (z), for D ) 14 Å and D ) 16 Å is less than 0.25 (kcal/mol)/Å for PG1 and PG1 dimer. This is smaller than the statistical error in the calculation of the mean force, which is 0.35 (kcal/mol)/Å using a block-averaging method. 41 Using eq 3, we find an adsorption free energy for a PG1 monomer of ∆G 0 ) -2.4 ( 0.8 kcal/mol and an adsorption free energy for a PG1 dimer of ∆G 0 ) -3.5 ( 1.1 kcal/mol. Again, then, the PG1 dimer binding is found to be relatively stronger, as compared to the adsorption free energy of a monomer PG1 peptide.
To analyze the nature of PG1-(1:3) POPG/POPE membrane interaction and to determine the contribution of the release of "bound" counterions to the peptide adsorption using MD simulation, we decompose the adsorption free energy profile
W(D) into enthalpic [∆H(D)] and entropic [-T ∆S(D)
] components obtained from three different series of MD simulations using eqs 5 and 6. The simulations were conducted at a temperature 310 K and ∆T ) 15 K. The results are shown in Figure 6 . For comparison purposes, the free energy profile at the temperature 325 K, W(D, 325 K), is shown only for PG1-(1: 3) POPG/POPE membrane interaction. For the PG1-(1:3) POPG/POPE membrane, the adsorption free energy is dominated by the entropic contributions due to the counterion release from the membrane, whereas for the neutral membrane, the binding process is enthalpically driven. Furthermore, the peptide and membrane charge distribution is assumed to be uniform. Despite these discrepancies, the simplified PB approach predicts a relatively good value of the PMF well depth well enough to estimate the binding energy with reasonable accuracy.
To decompose the PB PMF W pb (D) (eq 11) into entropic [-T ∆S pb (D)] and enthalpic [∆H pb (D)] (or internal energy ∆U pb (D)) contributions, we take into account the temperature dependence of the water dielectric constant, ε. An expression for the dielectric constant for TIP3P water was obtained using the calculation of the dipole moment fluctuations in the system as (eq 76 in ref 42) , where the choice of constants R and depends on the type of water model and boundary conditions of the system, as discussed in ref 42 . For the TIP3 water, dielectric constants calculated from eq 12 are ε ) 95 at T ) 310 K, ε ) 99 at T ) 295 K, and ε ) 90 at T ) 325 K. These values are employed in the decomposition of W pb (D) into entropy, -T ∆S pb (D), and enthalpy, ∆H pb (D), contributions. These are obtained from three different series of numerical solutions for W pb (z) using eqs 5 and 6 at T ) 310 K with ∆T ) 15 K. The entropic contribution [-T ∆S pb (z)] together with W pb (z) and ∆H pb (z) calculated for a single PG1 peptide and a PG1 dimer are shown in Figures 7  and 8 , respectively. We see that the PB electrostatic free energy profile essentially coincides with its entropy component in both cases. In other words, we find that the attraction of PG1 peptide or PG1 dimer to the membrane is of an almost entirely entropic nature. The enthalpic (or the electrostatic attraction) contribution, ∆H pb (z), to the PB PMF is negative (i.e., attractive), but rather small when compared to the entropic attraction -T ∆S pb (z) induced by released ions from the double layer. Thus, for the mixed charged (1:3) POPG/POPE membrane interacting with a positively charged peptide, we can claim that the binding process is entropically driven due to counterion release from the screening ion layers.
Conclusions
The purpose of this paper is to explain the physical origin of the attractive forces between protegrin-1 and a (1:3) POPG/ POPE membrane. We use MD simulations to analyze counterion release upon binding of either the monomeric or the dimeric form of PG1. We calculate the adsorption free energy for PG1 monomer to be ∆G 0 ) -2.4 ( 0.8 kcal/mol and the adsorption free energy for PG1 dimer to be ∆G 0 ) -3.5 ( 1.1 kcal/mol. To analyze the nature of the peptide membrane interaction and to determine the contribution of the release of "bound" counterions to the peptide adsorption using MD simulation, we decompose the free energy profile W(D) for a single PG1 peptide interacting with (1:3) POPG/POPE membrane into enthalpic and entropic components obtained from three different series of MD simulations at different temperatures.
Using this approach, we predict that for PG1-(1:3) POPG/ POPE membrane interaction, the adsorption free energy is dominated by the entropic contributions due to the counterion release from the membrane. These results are in good agreement with theoretical predictions based on numerical solution of the nonlinear Poisson-Boltzmann equation for all separations between membrane and peptides. We decompose the adsorption PB free energy profile W pb (D) into enthalpic and entropic contributions and find good qualitative agreement with MD results.
The counterion release from the electric double layer appears as the physical origin of the strong attraction between the charged membrane and peptides. As we show, the PG1-dimer forms a relatively stronger binding complex with mixed POPG/ POPE membrane, as compared with that with a single PG1 peptide. Further simulations of PMF for PG1 dimers and their complexes, particularly in the water and inside the membrane, will be useful because they will shed light on the steps that take peptides from solution to a pore in the membrane.
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